Chiral susceptibility in canonical spin glass and reentrant alloys from Hall effect 

measurements 
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The extraordinary Hall effect coefficients Rs{T) of the canonical spin glass alloys AuFe8ai% 
and AuMn8at% and of an archetype reentrant system AuFel8at% were measured as functions of 
temperature. The data show a critical cusp-like term superimposed on a smooth background for the 
spin glasses, and change of sign with temperature for the reentrant. The results can be interpreted 
consistently by invoking a chiral Hall effect contribution as proposed by Kawamura. 



Spin glasses have been intensively studied for more 
than thirty years, as paradigms for the statistical me- 
chanics of the whole vast family of complex systems. 
However the origin the spin freezing in the canonical spin 
glasses, dilute alloys such as AuFe or CuMn where the 
spins are Heisenberg, has long remained an enigma. Ex- 
periments and in particular critical exponent measure- 
ments have shown definitive evidence for a non-zero 
ordering temperature, while numerical work on Heisen- 
berg spin glasses in dimension three indicated that there 
was an Edwards- Anderson type of ordering only at zero 
temperature though recent simulations contradict this 
[3 . For vector spin glasses there exists a chiral order pa- 
rameter in addition to the Edwards-Anderson spin pa- 
rameter and there were early suggestions that chirality 
might play a role in vector spin glass ordering Kawa- 
mura and coworkers 0, Q have made concrete large 
scale numerical investigations of the chiral driven order- 
ing mechanism which they postulated to explain freez- 
ing in Heisenberg spin glasses. In real samples the spin 
and chiral order are linked through Dzaloshinsky-Moriya 
(DM) random anisotropy terms which are inevitably 
present. Magnetic torque experiments on a range of spin 
glasses have shown in-field transition lines up to high 
applied fields 01, in excellent agreement with extensive 
simulations on Heisenberg systems submitted simultane- 
ously to anisotropy and field, where both chiral and spin 
ordering were monitored [a, |9j . The robustness of order 
under applied fields is a clear indication that chirality is 
a primary ingredient of spin glass ordering in vector sys- 
tems. The torque measurements were interpreted using 
the chiral ordering scenario. 

In this context it would be of considerable interest to 
have a complementary direct observation of chirality in 
the spin glasses. Chirality is a "hidden" parameter and 
no technique was known with which to monitor it exper- 
imentally, until Kawamura proposed that the Hall effect 
should present a direct signature of the chiral susceptibil- 
ity ^3 • On the chiral scenario the extraordinary Hall sig- 



nal (linked to the sample magnetization rather than the 
magnetic field) should have a critical term due to chiral- 
ity. The key point is whether there is critical behaviour 
of the Hall coefficient Rs{T) at the glass temperature Tg, 
and accompanying non-linear effects. Rs is defined as the 
ratio of the Hall signal to the magnetization, once correc- 
tions have been made for the ordinary Hall term. Care- 
ful Hall experiments on spin glasses have been reported 
prl ll^ but at the time of the measurements no ap- 
propriate theoretical framework had been proposed with 
which the data could be interpreted. We have studied 
two canonical spin glasses, Au_Fe8at% and AuMn8at%, 
and an archetype reentrant system AuFel8ai%. We ob- 
serve behaviour for Rg (T) clearly indicating a chiral con- 
tribution as predicted by Kawamura. These experiments 
can be considered to be "direct" observations of chiral 
susceptibility in canonical spin glasses. 

Ingots of the different alloys were prepared by arc melt- 
ing the constituents under an atmosphere of pure argon. 
Purities of the starting metals were 99.9985% for Au and 
99.99% for Fe and Mn. Each ingot was rolled to about 0.5 
mm and a bar shaped sample was cut out for the magne- 
tization measurements. The remaining material was fur- 
ther rolled to 25/im in the case of AuFe, and to lO^m , 
in the case of AuMn. From these foils, samples of 10mm 
x 2mm with 5 projecting contacts were prepared for re- 
sistivity and Hall experiments. Each couple of samples 
of each alloy was sealed in a quartz ampoule under argon 
and annealed at 900°C for Ih before quenching into wa- 
ter. A Quantum Design MPMS-XL SQUID magnetome- 
ter was used for the magnetic moment measurements. 
Experiments were performed as functions of the temper- 
ature in fixed fields according to the ZFC and EC proto- 
cols. The apphed fields used ranged from ^o^^ = 0.015T 
to 2T. Tg values are 28K and 24:K respectively for the 
AuFe8ai% and AuAfn8ai% samples. AuFe has mod- 
erately strong DM anisotropy 8] while there appears to 
be no information published on the anisotropy of AuMn. 

The longitudinal and Hall resistivities were measured 
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with an AC technique operating at 37Hz. For the Hall 
measurements, the signal associated with the longitu- 
dinal resistivity was used in a compensation circuit in 
order to eliminate spurious magnetoresistance contribu- 
tions. The temperatures were determined in the tranport 
experiments with a Lake-Shore calibrated carbon-glass 
thermometer. An RMS current of 30mA was applied in 
the Hall experiments, which were performed according 
both the ZFC and PC protocols. In the ZFC measure- 
ments, the sample was cooled in the absence of field to 
some fixed temperature below Tg. Then the Hall volt- 
age was recorded while the field was increased in the 
same order as for the magnetization measurements. Af- 
ter each run sequence, the field was again set to zero and 
the sample was heated up to a temperature well above 
Tg. The cycle re-starts by cooling the sample down to 
another temperature point. In the FC experiments, the 
field was kept constant while ramping the sample temper- 
ature down gradually to the lowest temperature studied. 
Since the Hall voltages are quite small in these noble 
metal spin glasses, special care must be taken in order 
to subtract the background signals, specially in the FC 
experiments. Below Tg spin glass magnetization is very 
sensitive to field cycling effects; in the present context 
it is important to carry out measurements of Hall effect 
and magnetization under identical experimental proto- 
cols. Ideally, in order to probe the initial linear regime 
Hall experiments should be performed in a very low ap- 
plied field. In practice with the experimental sensitivity 
available the minimum field for which exploitable Hall 
data could be obtained was 0.015T. The experiments 
were repeated at higher fields also so as to obtain infor- 
mation to be used for identifying the side-jump term and 
to explore the non-linear behaviour. The relative accu- 
racy of the magnetization is much higher than that of the 
Hall signal. 

In magnetic field B a sample with magnetization fioM 
shows a Hall resistivity defined through 

Ph = fJ-oRhH ^ RofM)H + Rs^J,QM (1) 

Rq is the " ordinary" Hall coefficient which leads to a term 
which should vary little with T. Conventionally RsHqM 
is known as the " extraordinary" term. Extrapolations to 
high temperatures to obtain an estimate of the zero mag- 
netization contribution for the present alloys, and for var- 
ious other Au based spin glass samples 'l2], indicate that 
for all the dilute alloys Rq is close to —7.10~^^m^C~^; 
this is equal to the "low field" value for the pure metal 
[l^ . In the region of Tg for the present alloys the corre- 
sponding ordinary contribution to Rh is small compared 
to the magnetic contribution; it has been assumed that 
Rq is temperature independent in all the data analysis. 
In the magnetization measurements the sample is in the 
form of a thin plate with the field parallel to the plane so 
the demagnetization factor is negligible. For the Hall ge- 
ometry on the other hand the demagnetization factor is 



necessarily maximum, and when comparing the two sets 
of data to estimate Rg {H, T) it is simple but essential to 
take the demagnetization correction into account p^ . 

Kawamura [iflj showed that in samples with canted 
spins one can expect a chiral Hall term proportional 
to the chiral susceptibility. He predicted a chirality- 
susceptibility linked cusp- like anomaly in Rs{T) at T — 
Tg in the low field limit linear regime, possibly accompa- 
nied by the onset of a deviation between FC and ZFC 
curves. (It is important to note that the predictions 
concern the coefficient Rs{T) not the Hall signal Ph{T) 
itself, which will have a singularity at Tg just because 
M{T) has a singularity). The singularity would be ex- 
pected to round off at higher fields because of non-linear 
effects, as is the case for the susceptibility. The strength 
of the chiral Hall signal can be expected to be linked 
to the spin-orbit coupling which also gives rise to the 
DM anisotropy, but neither the sign nor the strength of 
the predicted term linked to the chirality can be pre- 
dicted simply as they depend in a complex manner on 
the electronic structure of both the host material and of 
the magnetic sites. There will also be standard terms 
contributing to Rs known as the skew-scattering and the 
side-jump effects which have been studied in detail in 
conventional ferromagnetic alloys 0| . They too are con- 
sequences of spin-orbit coupling, but should contribute a 
smoothly changing background term to Rs {H, T) with- 
out any singular behaviour at Tg. Both depend on the 
sample resisitivity piT); in high resisitivity samples like 
those studied in the present work the dominating stan- 
dard term is the side-jump for which RsiT) is propor- 
tional to p'^{T). p{T) changes smoothly and only weakly 
over the range of temperature and field used. 

Figure 1 shows Rh{T) — Rq data corresponding to 
the FC and ZFC protocols as functions of temperature 
for the two spin glass samples. In both cases there is 
a cusp in the ZFC Rh{T) near Tg, accompanied by a 
splitting between FC and ZFC curves which develops 
just below Tg. We transpose the data into the form 
of RsiT) plots by dividing [Rh{T) - Ro]B by fioMhiT), 
where poMhiT) is the magnetization measured in the 
SQUID pqM{T) corrected for the demagnetization fac- 
tor, Mh{T) = M{T)/{l+M{T)). The data for Rs{T) un- 
der the FC and ZFC protocols for the AnFe and AuMn 
spin glasses at a field /xo-ff = 0.015T are shown in Figure 
2. Remarkably the absolute value of RsiT) is minimum 
near Tg. The only plausible interpretation would appear 
to be in terms of two competing contributions to the to- 
tal signal : a negative background term having a smooth 
non-critical temperature dependence, and superimposed 
on it a weaker positive term with a critical maximum near 
Tg. To analyse the data we will assume that the back- 
ground term in Rs(T) is dominated by the side-jump 
contribution and that it remains equal to p^{T) multi- 
plied by a constant over the entire T range. The value of 
the constant is estimated by measuring to temperatures 
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FIG. 1: The Hall effect corrected for the ordinary term 
[RhiT) - Ro] for Au8%Mn and Au8%Fe under FC and ZFC 
protocols. 



well above Tg and extrapolating to infinite T. The esti- 
mated side-jump contribution R^^ for the AuFe sample 
is shown in Figure 2; the AuMn side-jump term is of 
very similar form. Subtracting out the side-jump term 
obtained this way from the total Rs(T) leaves us with a 
positive difference term. This procedure although neces- 
sarily only approximate is the most satisfactory available. 

Quoting all Rg values in units of 10~^m^C~^ , the side- 
jump contribution is R'^.^ « —4.8 in the region near Tg for 
the AuFe sample, and « —1.9 in the same region for the 
AuMn sample. The difference term [Rg — R^^] peaks in 
the region of Tg at a value of « +2.8 in the AuFe sample 
and at « -1-1.1 for the AuMn sample. In both cases the 
FC and ZFC Rs{T) difference curves separate below Tg. 
For both alloys extrapolation suggests that the difference 
term at these low fields tends to zero or close to zero as 
T tends to zero or to high T. 

We identify the difference term with the chiral term 
proposed by Kawamura no other Hall effect model 
has been put forward which predicts a contribution with 
a critical cusp in Ra{T) at Tg, accompanied by separation 
between FC and ZFC Rs(T) curves below Tg. Unfortu- 
nately, in the present work the lowest fields which could 
be used do not provide us with strictly low field limit 
data to test the detailed predictions of |lO| . However the 
present data suggest that the chiral term cusp would not 
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FIG. 2: The extraordinary Hall coefficient Rs{T) for 
Au8%Mn and Au8%Fe under FC and ZFC protocols. The 
line indicates the side-jump contribution R^^ (T) for the AuFe 
sample estimated from high temperature measurements. 

be sharp even in the low field linear limit before corrup- 
tion by non-linear effects. It should be noted that the 
data reported by |l2l | on nominally the same concentra- 
tion AuMn alloy as in the present work but using much 
lower measuring fields would also show a flat topped cusp 
extending somewhat above Tg if plotted as in Figure 2. 

The analysis of the non-linear behaviour of Rg {T, H) 
will be discussed elsewhere. 

Many properties of the archetype reentrant alloy 
AuFel8ai% have already been investigated experimen- 
tally in great detail |0. At this concentration the al- 
loy has a Curie temperature near 165K, and a canting 
temperature Tk near 75K below which transverse com- 
ponents of the local moments freeze while the overall 
magnetization is practically conserved Static chi- 

ral properties should appear in reentrant systems in the 
region of Tk when transverse moments develop [l^ (data 
on more exotic reentrant systems have been tentatively 
interpreted invoking a chiral term |l(j|\ As in the spin 
glasses, one can expect a chiral susceptibility term al- 
ready above Tk and it should be remembered that be- 
cause the Hall effect is a transport measurement, short 
time scales are implicity involved. At temperatures close 
to but above Tk there will be rapid transverse magne- 
tization fluctuations, and these are indeed observed in 
neutron scattering |l7| . 
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FIG. 3: The Hall coefficient [Rh{T)-Ro] for Aul8%Fe under 
an applied field of 0.25T. FC and ZFC protocols give the same 
signal for this field. The inset shows the extraordinary Hall 
coefficient Rs{T). 



For the AuFel8at% sample, the Hall coefficient Rh{T) 
in a field of 0.25T is shown in Figure 3. The magnetiza- 
tion for a ferromagnet in the Hall geometry is practically 
equal to ^iqH (until ^iqM > ^o-ff) and so independent of 
T below Tc. In contrast, we find a Hall coefficient Rh{T) 
which varies dramatically with temperature in this sam- 
ple. It begins negative in the paramagnetic regime and in 
the high temperature ferromagnetic region, before chang- 
ing sign to positive near T ~ llOi^T. As in the spin glass 
alloys, the temperature dependence can again be under- 
stood in terms of competing negative side-jump and pos- 
itive chiral terms. The former is the only term present 
when the temperature is high so the time average local 
moments are all parallel to the total magnetization and 
therefore there is no chirality; the chiral term should ap- 
pear as T drops and the local moments become canted 
with respect to the global magnetization allowing chiral- 
ity. It turns out that in this sample the chiral term domi- 



nates for temperatures below about WQK explaining the 
sign change. This scenario with a smoothly varying neg- 
ative side-jump term and a positive chiral term taking 
over when chirality is permitted is a satisfying confirma- 
tion of the interpretation given above for the spin glass 
data. The data expressed in terms of Rg (T) are shown 
in the inset of Figure 3. 

In conclusion, confirming predictions made by Kawa- 
mura 0| , the extraordinary Hall coefhcient of canonical 
spin glass and reentrant systems shows a contribution 
linked to the onset of ordering in the spin glasses, and 
with canting in the reentrant alloy. These results can 
be analysed to provide a direct signature of the chiral 
susceptibility [13 in these systems. It is the first time 
that chiral susceptibility, a fundamental property of all 
magnetic systems with canted spins, has been identified 
directly in canonical Heisenberg spin glasses rather than 
implicitly through its influence on the spin order. 
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